• The objective of this work is to estimate the level of genetic variation and pattern of genetic structure of isolated Picea balfouriana populations.
INTRODUCTION
The Qinghai-Tibetan Plateau is the highest and largest plateau in the world, and it has experienced a perplexing history of geological events and environmental fluctuations (Liu which is one of the world's biodiversity hotspots (Myers et al., 2000) . China is considered to have a high diversity of spruce species, with 16 species and 9 varieties of spruce, and, furthermore, 11 species and 6 varieties being endemic (Ying, 1989) . Because 9 species and 5 varieties of spruce have been recorded in the southeast of the Qinghai-Tibet Plateau alone, this region is regarded as the center of the natural range for the genus Picea in China .
Picea balfouriana is one of the regionally distributed conifer species in the southeast of the Qinghai-Tibet Plateau and considered as a constructive species within its distribution area (Collaborating Group for Vegetation of Sichuan, 1980) . There is a long-standing dispute about the taxonomic status of P. balfouriana. Although it is usually considered as a variety of P. likiangensis (ECCAS, 1978) , some botanists consider that P. balfouriana should be considered as an independent species, as many differences in geographical distribution and ecological characteristics exist between P. balfouriana and P. likiangensis (Editorial committee of the Sichuan Flora, 1983). In China, P. balfouriana has a large distribution region, which is inferior only to that of P. wilsonii Mast and P. brachytyla var. complanata (Liu et al., 2002) . It occurs in the western part of the Sichuan province, eastern Tibet and southern part of the Qinghai province. The distribution center of P. balfouriana is located in the middle reaches of the Yalong River (Editorial Committee of the Sichuan Flora, 1983). Its vertical distribution mainly ranges from an altitude of 3 000 to 4 100 m, some trees even occurring at above 4 300 m . It is an optimal species for the production of biomass used as a source of, e.g., fuel, fiber and lumber (ECCAS, 1978; Editorial Committee of the Sichuan Flora, 1983) . Moreover, it is well adapted to stressful environments at high altitude, especially to cold and drought conditions, which are generally harsh for other trees (Editorial Committee of the Sichuan Flora, 1983) . In alpine regions, P. balfouriana can form patchy forests, which effectively prevent meadows from expanding and improve the efficiency of water resource conservation (Editorial Committee of Forest of China, 1999) . Owing to the above reasons, P. balfouriana plays a significant role in the alpine regions. Therefore, the conservation and maintenance of the P. balfouriana populations is an important objective. Better knowledge of the level and distribution of genetic diversity enables the development and utilization of appropriate conservation and breeding strategies. However, so far, no published genetic information of P. balfouriana based on molecular markers has been available. In-depth investigations of the genetic diversity and population characteristics within its native range are greatly needed.
Studies on genetic diversity based on molecular markers have the potential to provide information with crucial implications for evolutionary biology and ecology as well as for conservation biology. Microsatellite markers (SSR), which are short tandem repeats, mutate frequently by slippage and proofreading errors during DNA replication (reviewed, e.g., by Oliveira et al., 2006) . It follows that SSR markers are highly variable with multiple co-dominant alleles, and they have emerged as the most popular and versatile marker type for ecological applications at present (Li et al., 2002; Rajora et al., 2000; Selkoe and Toonen, 2006) . Another marker type, sequence tagged site markers (STS), represents the amplification of well-characterized specific loci and reveal co-dominant polymorphisms (Bouillé and Bousquet, 2005) .
In our study, two types of molecular markers (SSR and STS) were used to estimate the genetic structure of P. balfouriana populations originating from the southeast of the Qinghai-Tibet Plateau with varying climatic and geographical conditions. The results will not only provide a deep insight into its genetic diversity and population genetic structure but also valuable information for further management and breeding programs of P. balfouriana.
MATERIALS AND METHODS
The distribution of P. balfouriana is discontinuous and patchy throughout the southeastern region of the Qinghai-Tibet Plateau. Ten P. balfouriana populations, which occur in various natural habitats with different climates and topographies within the major distribution area, were selected for the study ( Fig. 1 and Tab. I). All populations were sampled from natural forests occupying an area above 10 hm 2 and isolated by mountains and rivers. Mature cones were collected from approximately 28 nonadjacent individuals in each population. Sampled trees were separated by a minimum of 50 m. DNA was extracted from megagametophytes using Gen EluteTM Plant Genomic DNA Miniprep Kits (Sigma). About 60 to 90 megagametophytes per tree were pooled to obtain enough DNA. DNA concentrations were determined by comparison with a serial dilution of standard lambda DNA. The quality of DNA was checked by a DNA-Protein instrument (Bio-RAD).
From a set of SSR markers previously developed for a genetic study in Picea species (Pfeiffer et al., 1997; Scotti et al., 2002a Scotti et al., , 2002b , six dinucleotide microsatellites (SpAC1F7, EAC7B09, EAC1D10, EAC1F04, EAC6B01 and EAC7H07) and three trinucleotide microsatellites (EATC1B02, EATC1E03 and EATC3G04) were selected. The SSR reactions were based on the procedure described by Scotti et al. (2002b) with some slight modifications. Each amplification reaction was performed in a volume of 25 μL containing 2.5 μL 10 × reaction buffer (TaKaRa, Dalian, Mg 2+ free Dalian), 1.5-2.5 mM Mg 2+ (TaKaRa, Dalian), 150 μM dNTP (Promega), 0.25 μM primer, 1.0 U Taq polymerase (TaKaRa, Dalian) and 20-40 ng of genomic DNA. The reaction mixtures were overlaid with mineral oil. For each primer, amplifications were carried out in 48-well plates using the following program: an initial step of 4 min at 94
• C, 7 cycles of touchdown consisting of 94
• C for 30 s, (T a + 7)
• C for 30 s ↓ and 72
• C for 30 s, 30 cycles of amplification consisting of 94
• C for 45 s, T a for 45 s, 72
• C for 45 s, and a final extension of 72
• C for 10 min. Following electrophoresis, the gels were silverstained using the procedure of Panaud et al. (1996) and photographed using the Gel Doc 2000 TM image analysis system (Bio-RAD) following the manufacturer's instructions. To ensure the validity of the analyses, the PCR reactions were performed at least twice in all cases. The fragment sizes were estimated using a standard molecular weight marker pUC 19 DNA / Msp (Hpa).
Six STS primer pairs (Sb17, Sb21, Sb29, Sb32, Sb49 and Sb62) developed for P. mariana and previously characterized in P. glauca and P. sitchensis (Perry and Bousquet, 1998a; 1998b) were used. The amplification program was as follows: an initial step of 5 min at 94
• C, 38 cycles of 45 s at 94
• C, 45 s at 50-56
• C and 90 s at 
72
• C, and a final extension step of 7 min at 72
• C. The PCR products were resolved by electrophoresis on 2% agarose gels and stained with 0.1% ethidium bromide. The molecular weights were estimated using the GeneRuler TM 100 bp DNA Ladder Plus (Fermentas). The gel images were recorded and the band sizes were quantified using the Gel Doc 2000 TM image analysis system (Bio-RAD). Observed and expected heterozygosity (H o and H e ) at each locus for all populations were estimated by using the program ARLEQUIN (3.11) (Excoffier et al., 2005) . GENEPOP version 3.4 (Raymond and Rousset, 1995) was used to estimate the p-values for the exact tests of departures from the Hardy-Weinberg equilibrium using the Markov chain method with 1 000 iterations (Guo and Thompson, 1992) , and the significance level of each test was determined by applying the sequential Bonferroni procedure (Hochberg, 1988) . Null alleles may lead to heterozygote deficiencies. Therefore, the proportion of null alleles was calculated as (H e -H o )/(1 + H e ) (Brookfield, 1996) . Genetic divergence between populations was investigated using the estimator F ST (Weir and Cockerham, 1984) . Statistical significance of pairwise 607p3 Ann. For. Sci. 66 (2009) 607 Z. Lu et al.
F ST values was tested using the program FSTAT 2.9.3 (Goudet, 2001) after the calculation of Bonferroni corrections (Rice, 1989) . The analysis of molecular variance (AMOVA) was performed to estimate the relative magnitude of genetic differentiation among populations using the program GenAlEx version 6 (Peakall and Smouse, 2006) . The number of effective migrants (Nm) was estimated by Wright's (1969) 0.25(1 -F ST ) / F ST . UPGMA clustering was based on Nei's (1972) standard genetic distance. Bootstrapping across loci (1000 replicates) was conducted using Populations 1.2.28 (Olivier, 2002) and visualized using TreeView (Page, 1996) . A principal coordinate analysis (PCA) based on Nei's (1972) genetic distance matrices was applied to obtain an additional representation of genetic relationships among populations using the program GenAlEx version 6. Mantel (1967) tests were conducted to investigate the possible relationship between the genetic and geographical distances. A Bayesian cluster analysis was performed using the Structure 2.2 software (Falush et al., 2003; Pritchard et al., 2000) , which applies an approach to assign individuals into their populations based on a Markov chain Monte Carlo (MCMC) algorithm. We analyzed the data using a "linkage model", except for one SSR locus (EATC3G04, for which there is no linkage information). The data of genetic map distances between markers came from Acheré et al. (2004) and Pelgas et al. (2006) . We analyzed data by a run consisting of 100 000 burn-in iterations followed by 500 000 further iterations without phased information. Twenty runs were carried out for each K value from 1 to 13, suggested by Evanno et al. (2005) .
RESULTS
Nine SSR markers and six STS markers were used to characterize genetic diversity in ten populations of P. balfouriana. As a result of the SSR genotyping, a total of 106 alleles was detected. The number of alleles per locus across all populations ranged from 4 (locus EATC3G04) to 16 (loci SpAC1F7 and EAC1F04), with the mean number of alleles per locus equaling 11.8. Among the SSR loci, 82 alleles were detected across the six dinucleotide microsatellites with the average number of alleles per locus equaling 13.7, and 24 alleles were detected across the three trinucleotide microsatellites with the average number of alleles per locus equaling 8.0 (Tab. II). In the STS genotyping, the number of detected alleles per locus across all populations varied from 6 (Sb29) to 16 (Sb17), with a total of 60 distinct alleles and the mean number per locus equaling 10.0 (Tab. III).
Based on the SSR markers, the average H e values of individual populations showed a relatively narrow range, with the values varying from 0.592 in population XC to 0.710 in population BT (Tab. II). Across all populations, the mean expected heterozygosity (H e ) was 0.631, with the H e values ranging from 0.068 at locus EATC3G04 in population LH to 0.909 at locus SpAC1F7 in population XC. When the nine SSR loci were classified into two classes, the dinucleotide microsatellites showed H e values varying from 0.681 to 0.852, the average value equaling 0.752, while the trinucleotide microsatellites possessed lower values, the average equaling 0.416. Based on the STS markers, the average H e values of individual populations varied from 0.489 in population DF to 0.635 in population BT (Tab. III). Across all populations, the mean value of H e was 0.553, with the individual H e values varying from 0 at locus Sb21 in populations LH and LT to 0.887 at locus Sb17 in population XL.
The Hardy-Weinberg equilibrium was verified for all loci and populations by testing the departure of F IS from zero. Based on the SSR markers, all loci, except for EATC1B02, exhibited significant deviations. Four loci (EATC3G04, EAC7H07, EAC7B09 and SpAC1F7) deviating from the Hardy-Weinberg equilibrium were associated with positive values of F IS , while another four loci (EAC1F04, EAC6B01, EATC1E03 and EAC1D10) were associated with negative F IS values. Based on the STS genotyping, all six loci significantly departed from the Hardy-Weinberg equilibrium and mostly expressed positive F IS values. When calculated across all populations, the mean F IS value based on the SSR loci equaled -0.030, while the mean value based on the STS loci equaled 0.249, indicating a deficiency of heterozygosity. In addition, the proportion of null alleles was calculated. Among all loci, only one SSR locus (EAC7B09) showed a positive value equaling 0.055 but four STS loci (Sb21, Sb32, Sb49 and Sb62) presented positive values equaling 0.117, 0.126, 0.0167 and 0.163, respectively.
The genetic divergence among populations was measured by the F ST estimator (Tab. IV). Based on the SSR markers, the maximum F ST value was found between populations BY and DF (F ST = 0.197), while the minimum F ST value was found between populations BT and KD (F ST = 0.044). Based on the STS markers, the maximum and minimum genetic divergences were observed between the same population pairs as based on the SSR markers, with F ST values equaling 0.217 and 0.004, respectively. The Mantel test between the two matrices of F ST values based on SSR and STS markers showed a significant positive association (r = 0.468, P < 0.05). The analysis of molecular variance (AMOVA) showed that 11% and 12% of the total variation existed among the populations as detected by using SSR and STS markers, respectively. The overall gene flow (Nm) obtained from F ST based on SSR and STS markers equaled 1.97 and 1.96, respectively.
The UPGMA dendrograms based on Nei's (1972) standard genetic distances between populations are shown in Figure 2 . The SSR dendrogram showed that the main split is between population BY and the rest of the samples. Within the main group, there are three significant sub-groups (populations JL and YJ, BT and KD, and DF and LH) (Fig. 2a) . The UPGMA dendrogram based on STS markers showed a similar trend between population BY and other populations, but the subgroups do not follow an identical pattern (Fig. 2b) . Remarkably, the UPGMA cluster analyses, based on the two marker types, congruently revealed that population BY (with relatively high bootstrap values, 72% and 65%), a marginal population from the northwestern part of the natural distribution region, is genetically most distant. Additionally, the relationships among populations were further illustrated by the results of a principal coordinate analysis based on the SSR and STS matrices. The first two coordinates accounted for 30.6 and 25.7%, and 39.4 and 23.3% of the total variance, respectively (Figs. 3a, 3b) . Based on the SSR markers, the difference when compared with the dendrogram was that PCA classified populations BY, DF and YJ as the main cluster. On the other hand, based on the STS markers, PCA classified populations BY, XC, BT and KD as the main cluster and populations BT and XC clustered closely but clearly distinctly from the main cluster. Mantel's test showed that there was no significant correlation between genetic distances (measured by F S T ) and the natural logarithm of geographic distances, based on either SSR (r = 0.104, P = 0.255) or STS data (r = 0.162, P = 0.179).
A Bayesian cluster analysis revealed that the highest value of (P/D) was at K = 10 by SSR markers and at K = 8 by STS markers. The result of the analysis showed that, based on SSR markers, individuals from the same sampling site mostly belong to the same cluster, while, based on the STS markers, individuals from some populations (XL and LH; BT and KD) derive a large part of their genetic composition from another inferred cluster.
DISCUSSION
The main objective of this study was to assess the level and pattern of genetic variation among P. balfouriana populations originating from the southeast of the Qinghai-Tibet Plateau, in order to assist practical conservation actions and resource exploitation of this endemic spruce tree. Compared with previous studies on conifers based on SSR markers, such as investigations on the discontinuously distributed P. asperata (mean H e = 0.707, Wang et al., 2006) and widely distributed P. abies (mean H e = 0.604, Meloni et al., 2007 ; mean H e = 0.675, Scotti et al., 2006) , P. balfouriana populations possess a moderate degree of genetic diversity (mean H e = 0.640). Based on STS markers, the variation level of P. balfouriana populations was similar to that reported previously for both continuously (mean H e = 0.573) and disjointedly (mean H e = 0.566) distributed Sitka spruce populations (Gapare et al., 2005 NS: Not significant; * significant at P < 0.05; * * significant at P < 0.01. -NS: Not significant; * * significant at P < 0.01; * * * significant at P < 0.001.
the P. balfouriana populations have similar levels of diversity to other spruce species. Moreover, when we tested the relationship between the genetic diversity of P. balfouriana populations and altitude, we found that there was no clear relationship. This result is consistent with studies on other tree species in mountainous regions (Ohsawa, 2008) . The result may relate to the complex interaction of ecological and geographical factors in the southeast of the Qinghai-Tibet Plateau. When comparing variation levels, the STS and trinucleotide microsatellite loci showed, on average, a considerably lower diversity level than the dinucleotide microsatellites, both as alleles per locus and as H e values. This result is likely due to differences in mutation rates (Scotti et al., 2002a) .
The amount of genetic diversity varied among the P. balfouriana populations. Habitat fragmentation and variable climate conditions may be the main reasons for the uneven distribution of genetic diversity. Population BT possessed the highest level of genetic diversity based on both types of markers. It may be ascribed to the following three causes: (1) Population BT has a large range of tree sizes and a high density. neighboring geographical regions of population BT. Thus, hybridization between species may happen in the overlapping region of distribution, as detected for some other Chinese conifer species as well (Luo et al., 2005; Szmidt and Wang, 1993) .
When comparing the SSR and STS data sets, the inbreeding coefficients F IS were not of the same order of magnitude for these two types of markers. The SSR markers showed that the whole set of populations did not deviate from the Hardy-Weinberg equilibrium (F IS = −0.030), while the STS markers indicated a considerable deficiency of heterozygosity (F IS = 0.249). A possible explanation for such a contradictory result is the different technical resolution capacity of the two types of markers. SSR markers represent repeat sequences which are usually outside gene coding regions and have high mutation rates, and thus, they are generally considered neutral. On the other hand, STS markers, which are derived from arbitrarily selected genes, are not adaptively neutral, and, accordingly, the STS loci may have lower mutation rates than the SSR loci. High levels of inbreeding have also been detected in some other coniferous tree species, e.g., P. sitchensis (Gapare et al., 2005) , P. asperata and Pinus contorta (Thomas et al., 1999) , which may be related to population size or habitat fragmentation. In addition, the presence of null alleles may contribute to heterozygote deficiency, as detected especially by STS markers.
Both marker types showed that most genetic diversity existed within populations. Compared with previous studies, the amount of genetic differentiation of P. balfouriana was lower than that of P. asperata, which is distributed narrowly and discontinuously , but distinctly higher than the values detected among populations of widespread Norway spruce (Maghuly et al., 2006; Meloni et al., 2007) , transcontinentally distributed black spruce (Perry and Bousquet, 2001 ) and both disjointedly and continuously distributed Sitka spruce (Gapare et al., 2005) . Moreover, high levels of population differentiation have been commonly observed in plant species from the southeast of the Qinghai-Tibet Plateau when compared with other species belonging to the same genus, e.g., Cupressus gigantean (Xia et al., 2008) , P. asperata , Gentiana atuntsiensis and G. striolata (Zhang et al., 2007) , Megacodon stylophorus (Ge et al., 2005) and Populus cathayana (Lu et al., 2006; Peng et al., 2005) . Habitat fragmentation in the southeast of the QinghaiTibet Plateau may account for the relatively high levels of F ST values. On one hand, fragmented habitats in regions with complex topography may limit pollen exchange and seed dispersal among populations, while on the other hand, variable climate with different temperature regimes among the discontinuous and patchy P. balfouriana populations can postpone or advance flower development and, further, cause asynchronous flowering periods among populations. Therefore, the phenological gap may also contribute to the observed differentiation.
Bayesian analyses can be used to both assess the genetic structure of populations and infer possible populations of provenance for the studied populations or individuals (Bertorelle and Excoffier, 1998; Meloni, 2007; Pritchard et al., 2000) . In this study, Bayesian assignment analysis assigned individuals of the same sampling site mostly to the same cluster, especially based on SSR markers, although the presence of gene flow was evident among some populations. The results of the structure analysis also proved that the majority of P. balfouriana populations in the southeast of the QinghaiTibet Plateau show a mosaic-like pattern and a high degree of differentiation among populations.
The correlation between Nei's (1972) pairwise standard genetic distances between populations based on the two types of markers was significant (r = 0.40, P < 0.05). The UPGMA clustering analyses and PCA plot similarly showed that population BY differed from other populations based on both kinds of markers. Population BY, located in the northwestern section of the Hengduan Mountains, is embraced by the Saluli Mountain in the eastern, Magongga Mountain in the southern and Jinsha River in the western direction, and thus it is isolated from other P. balfouriana populations. Mountains form barriers and play an important role in preventing gene exchange between population BY and other populations,which consequently leads to great divergence.
In summary, the results obtained in this study revealed that: (1) a moderate degree of genetic variation is present in P. balfouriana in the southeast of the Qinghai-Tibet Plateau.
(2) Considerable population differentiation exists among the ten P. balfouriana populations based on both SSR and STS markers, possibly caused by habitat fragmentation and heterogeneous environments. (3) The result of the Bayesian assignment analyses demonstrated that individuals from the same sampling site mostly belong to the same cluster, but they also showed the presence of gene flow among some populations. (4) The UPGMA clustering and PCA analyses congruously separated population BY from other populations, which is likely due to the presence of mountain barriers. A priority in conservation biology is to preserve genetic variation in order to promote species survival (Allendorf and Leary, 1986) . Thus, enhancing gene exchange should be taken into account in the conservation management strategies of P. balfouriana in the southeast of the Qinghai-Tibet Plateau, e.g., crossings, seed exchange and transplantation between populations. So far, although P. balfouriana is used as a prime reforestation species in its region of distribution, the available knowledge of its ecological, physiological and genetic features has been limited. Further advanced research on P. balfouriana, especially investigations of eco-physiological parameters, and of demographic and genetic population structures, will facilitate advanced conservation actions and improvement strategies in P. balfouriana.
